Ships are typically designed for a life cycle of about 20-25 years, with a specific transportation task, that suits the instant or estimated requirements of the owner or operator. Anyhow the business model might change due to a multitude of reasons and force the owner to buy new ships or modify the existing. Such an event took place in the year 2008 with the beginning of the financial crisis and the resulting recession, which lead to a drastic decrease of the global volume of cargo. This paper describes the re-design of the propulsion system of an existing post panmax container vessel to suit the new economical boundary conditions.
INTRODUCTION
The breakdown of the global economy in the year 2008 induced by the financial crisis lead to a world wide recession and subsequently to a reduction of the global volume of cargo. On the other hand the available container cargo space was further increasing by tonnage that was ordered before the events of 2008. This lead to an over-capacity in available container ships and a drastic drop of the freight rate. For that reason a large number of vessels were laid up or even decommissioned. Figure 1 shows the development of the freight rate for different medium sized container vessel groups in the period from 1999 to 2013. One sees that around the year 2009 the freight rates drop by more than 1/2 and maintain their low level afterwards until today. On at the design but at a much slower velocity. Slow steaming has two advantages from the operational point of view; firstly the reduced speed leads to a reduced fuel consumption, and secondly -and perhaps more important from the ship's operator point of view -slow steaming virtually reduces the available cargo space by keeping the ships longer at sea.
During the design process the ship owner, the ship yard and the suppliers -namely of the main engine and the propulsor -established a subtle "equilibrium" of the propulsion chain to guarantee the optimal performance of the ship according to the ship's owner requirements. The mere reduction of speed and the permanent rating in such an off-design condition means a substantial disturbance of the above mentioned "equilibrium", which might very well lead to undesirable side effects. These can essentially be attributed to the change of the wake field. The only reasonable way to restore a sane propulsion point is to install a new propeller, which suits the new flow characteristic of the ship. The difficulty in designing a new propeller lies in the fact that typically none of the necessary data -namely resistance curve, propulsion test and hull efficiency elements-is available, since slow steaming velocities lie usually far beyond the range of the original towing tank tests. In this paper the authors present the result for the successful propeller retrofit for a post pan-max container vessel. The necessary data is obtained from computational fluid dynamics (CFD). A thorough analysis of this data allows to find and establish a new optimum for the propulsion point and to design a new propeller to meet the new requirements. The new setup does not only avoid any "unhealthy" operation of the propulsion chain but also suits the main reason for slow steaming: the reduction of the operational coast load.
While the world market commodity price for propeller bronze is currently at a high level and unlikely to drop in the near future the break-up value of the old propeller might very well compensate for the new propeller including the design and installation. While the loss during the off-hire will be compensated within a year or six month.
THEORETICAL BACKGROUND
The purpose of the resistance and propulsion computation is the determination of the required break power P B demanded of the main propulsion system. It represents the amount of power that has to be installed to enable the ship to reach the design velocity and it is an indirect indicator for the ship's performance and its costliness, as P B is directly proportional to the specific fuel consumption. The full expression used for the determination of P B is given in Eqn. 1 [3] :
Equation 1 is mainly governed by the calm water resistance R T and the ship's design velocity v d , where the first is basically a function of the hull form with its attendant appendages, while the latter can be seen as a given constant. The sea margin SM and the engine margin EM are also predetermined values,which define a margin towards full load operation (EM) and a margin considering possible additional resistance components due to rough sea, wind or fouling (SM). Both values are typically based on the experience of all parties involved in the ship design process. The efficiency factors 1 η S and 1 η G take into account shaft line losses and eventually installed gears, and are typically provided by the supplier of the relevant parts. Finally the propulsion efficiency factor 1 η D describes the interaction between the hull and the propulsor and will be discussed in more detail below.
Together with the calm water resistance the 1 η D is the most important and influenceable factor in Eqn. 1. The overall efficiency described by the propulsion efficiency factor η D consists of three single components
with the effective open water efficiency
the relative rotative efficiency η R
and the hull efficiency η H
The effective open water efficiency η O is depending on the open water characteristic of the propeller and on the advance coefficient J = v n D influenced by the relation of propeller diameter D, shaft speed n and inflow speed v. As this inflow speed is driven by the effective wake fraction, this effective propeller "open" water efficiency is still an efficiency component which cannot be seen without hull influence. Thus the relation between thrust deduction t and effective wake fraction w (cf. 5) is an important "propeller" efficiency factor. Furthermore the change of these so called hull efficiency elements is the limiting factor of diameter increase and leads to the optimum propeller diameter. In addition the relative rotative efficiency η R can be seen as the quality of the wake adaption of the propeller. That means in case of a properly wake adapted propeller values larger than 1 can be expected for vessels with inhomogeneous propeller inflow (single screw, twin skeg). For an optimization of the overall propulsive efficiency all three factors are to be optimized.
PROBLEM DESCRIPTION
In case vessels are permanently operated in slow-steaming there is an additional opportunity for increasing the overall performance by exchanging the original propeller with a re-design propeller, well adapted to the new operational profile. This new propeller is optimized for the new design velocity. By focusing the overall efficiency there is not only a potential by increasing the open water efficiency of the propeller itself, but also in most of the cases there is a clear potential in optimizing the interaction between propeller and hull.
The vessel for this case study is a so called post pan-max container vessel. It is employed as liner between Europe and Eastern Asia. The main particulars of the vessel and the original propeller are given in Tab. 1 and Tab. 2 respectivly [4] . The vessel is equipped with a slow two stroke engine which is typical for this type of vessel. The main engine acts directly on a fixed pitch propeller.
The design of the new propeller has to be concentrated on a speed range, which was not tested during the model tests with the original propeller. Therefore there are no information about resistance, thrust deduction, wake fraction and relative rotative efficiency of the original arrangement. All common procedures to transfer so called "stock propeller" behavior to the design propeller are out of range. Thus there this need for CFD based identification of performance data in this unknown speed range. CFD calculation of resistance and wake distribution as performed in preparation of the present paper. 
AVAILABLE DATA
For the above mentioned vessel towing tank tests were performed during the initial design period; they contain the propeller open water test, the resistance and self-propulsion test and the wake measurement [4] . The resistance and self propulsion test were performed for a velocity range of v = 22.0kn to v = 27.0kn. The normalized resistance curve is shown in Fig. 3 . Also obtained from these two test are the effective wake number w and the thrust deduction coefficient t, shown in Fig. 4 . The wake measurement and analysis were performed at the design velocity of v = 24.7kn. The nominal wake distribution is shown in 
SIMULATED DATA
The original measured data does not cover the new design speed of v = 20kn, so new data has to be obtained. As towing tank measurements are out of the question at the design stage the required data has to be obtained numerically. As a basis for the new propeller design focused on the slow steaming regime the total resistance as well as nominal wake distributions in the new design point are needed. Due to the tight project schedule the interaction coefficients, i.e. effective wake fraction, thrust deduction and relative rotative efficiency, were transferred to the new design point by some corrections according to comparative projects. The propeller open water characteristic was simulated by use of a vortice lattice method (VLM) in combination with correction factors for full scale performance.
The resistance and nominal wake distribution are constants for the propeller design and need not to be updated during the design process. Their numerical determination is discussed in 
Resistance Curve Estimation
The existing resistance curve is supplemented by potential flow simulation. Potential flow is very well suited for the wave making problem, since the wave making is widely independent from viscous effects, as long as no serious wave breaking occurs, which is the case for this project. The frictional resistance component can be captured very well by the ITTC 57 correlation line.
For the potential flow computations the E4 − Kelvin [5] solver is used, which forms part of the E4 design framework [6] . E4 − Kelvin uses so called Rankine sources to model the body of interest and the corresponding wave pattern. The wave pattern is derived by solving the fully non linear free surface problem iteratively. E4 − Kelvin updates the trim to the equilibrium of the body according to the hydrostatical and hydrodynamical forces.
The computational domain covers minimum 2 significant wavelength downstream of the body. The hull is discretized with about 450 panels and the free surface with about 4750 panels. The surface resolution is so chosen, that there are about 15 to 20 panels per wave length. This ensures the resolution of smaller wave structures, that arise from the interference of the different wave systems. The medium high number of panels ensures a fast responce time on a desktop PC of less then five minutes.
The resistance determination is done in accordance with Froude's Hypothesis, where the total calm water resistance R T is divided into the frictional resistance R F0 and the residuary resistance R R :
The frictional resistance R F0 is found by
where the frictional resistance coefficient c F0 is computed from the ITTC 57 correlation line:
where Re is the Reynold's Number. In Eqn. 7 ρ denotes the fluid density, v the system velocity and S the wetted surface in the static equilibrium condition. The residuary resistance R R is found by integrating the pressure distribution p over the surface S in the dynamic equilibrium condition: The resulting curve of the calm water resistance R T for a velocity range of v = 13.0kn to v = 27.0kn is shown in Fig. 7 together with the original towing test data. The computed curve is in very good agreement with the measured data, especially in the region of the original design velocity. Above the design velocity the computed resistance curve shows smaller values, but the overall error is less the 5%. For values less the design velocity the resistance is slightly over predicted by the potential flow computation, but with an error less then 3%. The close accordance of the measured and calculated curves, even in the higher velocity ranges, allows to conclude the fidelity of the calculated data.
Nominal Wake Estimation
The nominal wake is estimated from viscous fluid flow simulation in analogy to the ITTC procedure. In the computed flow field the velocity is probed at given locations and stored to file. Wake assessment is possible for various criteria within the E4 design frame work [6] .
For the viscous flow field computation the finite-volume Navier-Stokes solver FreSCo + is used. FreSCo + is jointly developed at the Institute of Fluid Dynamics and Ship Theory of the Hamburg University of Technology (TUHH), Hamburg, Germany and the Hamburg Ship Model Basin (HSVA), Hamburg, Germany [7] . For the turbulence-closure a statistical (RANS) model is used. Since the flow problem concerned is not dependent on the free surface flow the simulation is carried out as deeply submerged double body flow. This allows to assume symmetry at the top plane. Symmetry is also assumed at the center line plane, so that only one ship side has to be modeled. The simulations are carried out in steady state condition at a model scale of λ = 40.6767, which corresponds to the scale of the original towing tank measurements. The longitudinal extension of the computational domain reaches from two ship's lengths upstream to two ship's lengths downstream. The transversal extension reaches from the center line plane at to one ship's length and the vertical extension reaches from the design water plane to one ship's length under the keel. These dimensions ensure that no undesirable effects from the boundaries are reflected into the domain, according to the recommendations of the software vendor and our own experience. The grids comprise approximately 4.5 · 10 6 cells, where a large proportion is clustered in a refinement box around the aft body and shaft gondula to give a good resolution of the propeller area inflow (denoted by the red box in Fig. 8) . The above mentioned simplifications allow to conduct the simulation on a 32 CPU 2.10 GHz workstation in less then six hours. Figure 8 shows the domain boundaries with their attendant boundary conditions. At the Inlet the inflow velocity and turbulence values of the undisturbed flow are given. At the Exterior Walls and at the Symmetry Planes a slip wall boundary condition is used. At the Outlet a pressure condition applies. At the body surface (Wall) a no-slip wall condition is applied. For the turbulence modeling the k −ω −MSST model with wall-function is used. The cell geometry in the boundary layer is so chosen, that the y + value of the first cell layer reaches from y + ≈ 60 to y + ≈ 110, which is within the limits of the used turbulence model. In the computational domain gravity is disabled so that the hydro static pressure is removed and only the dynamic pressure is seen.
The wake is evaluated for two velocities: the original design velocity of v = 24.7kn and the new design velocity of v = 20.0kn. The probes are taken with an angular spacing of 5 degrees and at eight radii, namely at r R = 0.363, 0.5, 0.633, 0.814, 0.972, 1.044, 1.085, 1.133. Additional radii were added to have a better resolution of the wake field. Especially the radius at r R = 1.133 is added to provide data for an increased propeller diameter.
The results for the computation are shown in Fig. 9 and Fig. 10 . The velocities are normalized with the inflow velocity. The computed wake distribution is in good agreement with the measured wake distribution, except for the radius r/R = 0.972. On this radius the measured wake distribution sees a distinctly higher tangential velocity component. This trend can also be observed on all other radii but it is less distinct. The greater tangential velocity can very well be attributed to the vortex of the shaft gondula, and its absence can be explained by the innate damping effect of the statistical turbulence modeling of the RANS approach. Especially at the innermost radius the measured data shows distinctly smaller velocity values than the computed wake distribution. This is most obvious in the lower half. This might be contributed to the uncertainties of the geometric representation of the numerical model. The geometrical data was provided as frame plan with only sparse information at the stern tube region.
PROPELLER DESIGN
As the propeller design process has to consider all influence parameter on the overall efficiency η D the first step is focused on the optimum propeller dimensions. In dependence on the minimum requirement for blade area and therefore blade number based on cavitation expectation for the desired operational profile and maximum speed the optimum propeller diameter has to be determined. As this is mainly influenced by power requirement and shaft speed a serious analysis of relation between transportation task and hull performance is demanded. According to ship owners specification regarding maximum achievable speed and averaged speed the power demand for these two operational points can be estimated by use of the data of the original propeller and the additional data for the lower speeds in order to extend the prediction speed range. At this stage first efficiency improvement predictions can be put on this power determination.
Based on these characteristic layout points propeller main dimensions can be calculated by use of propeller series (here: MMG in-house series) and empirical correction methods for the already mentioned interaction coefficients depending on propeller diameter and blade number. This optimization step is mainly focused on an improvement of the hull efficiency η H . As a result an optimum propeller geometry is found, which can be used for the subsequent detailed design. Within the detailed design process the fitting of the radial distributions of pitch and camber to the wake distribution is to be reviewed and if necessary to be adapted. In case of a proper fitting of radial propeller blade characteristic and wake distribution a higher η R value is to be expected. During the design process a continuous re-calculation of propeller open water efficiency and propulsion equation is mandatory, because the requirements of optimum shaft speed and therefore pitch setting in order to ensure the optimum fitting between propeller and main engine are to be checked for each design change. The propeller open water curves needed for this analysis are calculated by use of the vortice lattice method (VLM). The propeller performance obtained during the propeller design process is calculated by the VLM in-house code of the Mecklenburger Metallguss GmbH (MMG) PROMOD. Under consideration of the detailed propeller geometry the thrust coefficients k T and torque coefficients k Q are calculated for a range of advance coefficients J. The final re-design propeller ends up with main dimensions shown in Tab. 3.
As an additional propulsion improvement measure the MMG fin cap ESCAP (cf. Fig. 11 ) is tested together with the re-design propeller. Smaller hub near fins applied at the hub cap of the propeller straighten the hub near flow and regain some hub vortex losses. The straightening of the hub near flow increases the pressure in the dead water area behind the propeller cap and therefore decreases the thrust deduction. In addition the fins itself regain a positive torque in order to reduce the power demand of the propeller.
EVALUATION AND RESULTS
For the newly design propeller towing tank measurements, namely resistance, propulsion and open water test were performed [8] . The model tests were performed by an different institute, than the original tests. Therefor the model scale is with λ = 42.7676 somewhat bigger than the model scale of the original towing tank test, to suite the facility's tank capacities. The obtained data is used to validate the beforehand computed results. Of particular interest are the resistance curve, with is shown in The new resistance curve was measured for a velocity range of v = 13.0kn to v = 23.0kn and covers the new design speed as well as some of the originally measured data range. The measurements are in close agreement -the maximum error is less then 6% -with the computed data and confirm the computational scheme and the fidelity of the resistance data, that can be obtained from potential flow. On the other hand there is quite a remarkable discrepancy of the measured data from the original and the re-design measurements which cannot easily be explained from the issued reports, as both reports claim to be in accordance with the recommended ITTC procedures and use similar correlation coefficients. The difference of about 7% can also not be readily explained by the different model scales. Further thorough investigation of the reports is necessary as well as eventually executed viscous resistance and propulsion computations, which will be performed in the future.
The measured and computed open water characteristics of the new propeller are almost equal, which is a very pleasing result, and which constitutes the suitability of the vortex lattice methods. From the comparison of the originally measured data with the re-design data -that was determined numerically and confirmed by towing tank measurements-the increase of the open water efficiency can be estimated. In this case a significant improvement of about 7% is achieved (cf. 13).
The design task formulated at the outset of this investigation has been full field: For an existing container vessel, which the operator is forced to run in slow steaming mode by drastically changed economical boundary conditions, a new propeller is designed. This propeller -suited to the new design veloc- ity -gives not only a improved matching between propeller and main engine for lower power demands, but does also significantly increase the propulsive efficiency, which agrees also with the prospects of the operator according to an efficient ship and a profitable business model.
CONCLUSION AND OUTLOOK
The investigations and tests within this re-design project show that there is significant potential in improving the propulsive efficiency of vessels in service based on a slow steaming operational profile. Due to a lowering of the maximum power level as a new design basis for blade strength and cavitation behavior the propeller efficiency can be increased. Depending on the design quality of the original propeller even the efficiency resulting of the interaction of propeller and hull gives room for improvement. From towing tank test a decrease of the power demand of 7% up to 10% can be expected. As the available information of the original propeller is often focused on a smaller speed range which does not cover the speed range of interest in slow steaming there is a lack data for resistance and propulsion coefficients. In order to close this gap the use of potential as well as RANS methods can be used. In those cases where no flow phenomena are to be expected that are not covered by their underlaying theory -which is the case in this study-, the classic questions of wave resistance and propeller open water characteristic can be Nevertheless during this re-design process there is still need for empirical assumption regarding the possible change of the hull efficiency elements for slow steaming or due to the change of propeller design. In the present case all pre-calculations showed a possible improvement but the forecasted level was very conservative. Thus there is need for a reliable simulation of the interaction behavior of different propellers in the behind situation in order to improve the prediction reliability of possible improvements.
